The PSR at LAMPF will accumulate protons from the linear accelerator in both long-and short-bunch operational modes. Beam accumulation takes place for hundreds or thousands of turns. Ring buncher frequencies for these modes are 2.795 and 503.125 MHz, respectively. The bunching waveforms must be accurately correlated with the linac frequency standard so that the injected bunches fall into the ring rf buckets at precisely zero phase angle during accumulation. The PSR's rf wave also must have excellent phase stability. Long-term stability is assured by locking the PSR frequency reference to the linac's low-noise, temperature-stabilized crystal standard and by using delay-correction circuits in the transmission-line paths. However, the short-term stability of the rf reference signal is not as easily controlled because additive spurious signals can enter the long rf-signal transmission path (1-km linac-to-PSR), causing sideband energy increases very close to the carrier frequency. This increases time jitter. Also, some phase noise is spuriously developed by the signal-processing circuits providing frequency multiplication and division, the required processes for generating the necessary harmonic and subharmonic bunching frequencies at 503.125 and 2.795 MHz, respectively.
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The measure of control pursued by the described circuit design will provide rf references with timing uncertainty much less than the expected uncertainty in the micropulse time of arrival at the ring, AT ±80 ps.
For the short-bunch PSR mode where timing is much more critical than for the long-bunch mode, and where the bunching wave has a :2-ns period, a maximum uncertainty of ±10 ps was chosen as the error budget for the low-level rf system. This paper discusses the steps taken to develop the low-level rf reference signal with some measure of margin relative to this ±10-ps budget.
Phase-locked loop stabilizers, narrow-band high rejection-rate filters, and low-noise multipliers/dividers provided the means to achieve the goal.
The multiplier described in this paper is part of a considerably larger system whose function is to generate several synchronizing signals for the PSR. Without examining the details, the larger sync system must, from a basic 201. Because J2(m) and higher order Bessel coefficients are negligible for m << 1, only the carrier term w and the first sideband pair (wc ± wim) terms are significant. Also, the ratio Jl(m)/Jo(m) = m/2 for small m; therefore, the ratio of the sideband-to-carrier component can be shown to be Es/EC = 20 log (m/2) decibels; and the peak time shift At, caused by phase variations, then can be found as At = log (kdB)x peak seconds (3) Also, the sideband signal level relative to the carrier can be related to the peak time modulation by Ec dB = 20 log (rfcAt) decibels (4) For the circuit arrangement, Fig. 1 , chosen for the low-level signal development, the timing and spectral parameters can be examined by Eqs. (3) and (4) Equations (3) and (4) estimate that there must be a sideband-to-carrier level of at least -36 dB at a l-kHz offset to achieve the overall timing goal (±10 ps) of the low-level reference-signal development. A realistic margin beyond the goal is a factor of 5 (±2 ps), or a sideband-to-carrier ratio of -50 dB at the l-kHz offset point. Such a band-pass structure has serious design and stability-related problems. Figure 2 shows an alternate and better approach, the one used for the PSR. The method shown is to factor the multiplication ratio, 30, into prime numbers, 5 X 3 X 2. Then, using ECL comparators with the reference point grounded, one can easily generate odd harmonics of the input wave. By placing the multiplication factors in descending order (5 X 3 X 2 rather than 2 X 3 X 5), filtering requirements become less stringent because it is easier to reject the fourth and sixth harmonics of 16.77 MHz as opposed to rejecting the fourth and sixth harmonics of 100.625 MHz.
Fortunately, the first two factors in the multiplication scheme (5 and 3) are odd, thus allowing us to take advantage of even-order harmonic suppression associated with a sine-to-square-wave conversion process. Unfortunately, ECL comparators toggling in the VHF range do not generate perfect square waves with zero rise/fall times and 50/50 symmetry. Nevertheless, the even-order harmonics in this process are suppressed %20 dB from the immediately adjacent odd-order harmonics, thus permitting satisfactory rejection of unwanted even-ordered spectral lines. All lumped-constant filters following the first comparator are equivalent to band-pass functions and were implemented using Chebyshev 0.18-dB, seven-pole high-and low-pass configurations in cascade. This filter provides %60-dB attenuation one octave away from the filter's design cutoff frequency.
The final multiplier was a conventional highlevel (+13 dBm) frequency doubler with good rejection (20 dB) of the fundamental and third harmonic.
Microstrip techniques using back-to-back quarterwave lines were used for the filters following the X3 and X2 multipliers. At Incoming phase-noise sidebands, whose distance from the carrier is greater than the closed-loop bandwidth, will be attenuated by an amount given by the closed-loop gain function. Equivalent "Qs" of several hundred thousand can be achieved with correspondingly low-percentage bandwidths using a phase-locked loop.
A high-quality, low-noise, voltage-controlled oscillator (VCO) with a narrow transfer function Kvco (1660 Hz/V centered at 16.77 MHz) forms the PSR loop's core (Fig. 3) . A standard level double-balanced mixer (+7 dBm) with an I-port response extending to zero frequency is the phase detector (GDET), which has the transfer function K DET of 0.3 V/rad phase difference between the L and R ports. With a dc amplifier con- (Fig.-4) , the close-in noise is %41 dB below the carrier amplitude. With the 16.77-MHz loop added (Fig. 5) , the noise drops to \63 dB below the carrier amplitude. Finally, with the 503.125 MHz-loop added (Fig. 6) , the noise is %73 dB below the carrier amplitude. At this point, the spectral characteristics of the 503.125-MHz signal are very similar to the open-loop characteristics of the 503.125-MHz VCO, which characteristically has very low phase noise. 
Conclusions
Phase-locked loop stabilizers have been used in frequency-generating circuits to reduce phase noise. These circuits have reduced the time jitter for an rf reference signal for the PSR at LAMPF to less than ±2-ps peak jitter at a 503.125-MHz frequency, as evidenced by a sideband level 50 dB below the carrier level at a l-kHz offset. Simple expressions have been introduced to predict the jitter performance of rf signal sources used in accelerator rf low-level systems. A method of frequency multiplication using fast comparators was outlined and has proven to be very useful for certain accelerator-related applications.
